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in	 response	 to	an	 increase	 in	 floral	 resources.	Rubus fruticosus	 agg.	and	Succisa 
pratensis	were	key	plant	species	for	hoverflies	at	our	sites
5.	 Our	results	contribute	to	resolving	the	apparent	paradox	of	how	generalised	pol-
linator	 networks	 can	 provide	 efficient	 pollination	 to	 plant	 species.	Generalised	
This	is	an	open	access	article	under	the	terms	of	the	Creative	Commons	Attribution	License,	which	permits	use,	distribution	and	reproduction	in	any	medium,	
provided	the	original	work	is	properly	cited. 
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&	 Wright,	 2017;	 Petanidou,	 Kallimanis,	 Tzanopoulos,	 Sgardelis,	
&	 Pantis,	 2008).	 Despite	 examples	 of	 remarkable	mutualisms	 be-
tween	specific	plants	and	their	pollinator	species	(Johnson,	Hollens,	
&	 Kuhlmann,	 2012;	 Stokl,	 Brodmann,	 Dafni,	 Ayasse,	 &	 Hansson,	
2011),	plant–pollinator	networks	often	have	a	generalised	structure	
(Bascompte,	 Jordano,	 Melian,	 &	 Olesen,	 2003;	 Memmott,	 1999;	










species	 extinctions	 and	 invasive	 species	 (Kaiser-	Bunbury,	 Muff,	
Memmott,	 Müller,	 &	 Caflisch,	 2010;	 Memmott,	 Waser,	 &	 Price,	
2004),	and	to	the	impact	of	habitat	management	(Vanbergen	et	al.,	
2014).





term	 specialised	 feeding	 bouts,	 and	 therefore	 efficiently	 moving	
pollen	between	plant	 conspecifics,	whilst	networks	 at	 the	 species	
and	community	 level	 remain	generalised	 (Armbruster,	2016;	Brosi,	
2016;	 Ollerton,	 1996).	 Addressing	 this	 issue	 requires	 the	 investi-
gation	of	 individual	pollinator	behaviour,	but	 is	constrained	by	 the	
limitations	of	 existing	 techniques,	 such	 as	 following	 insects	 in	 the	
field	 (Ambrosino,	 Luna,	 Jepson,	&	Wratten,	 2006;	 Brosi	&	Briggs,	





Many	 studies	 of	 pollination	 networks	 have	 focussed	 on	 bees	
(Hymenoptera)	 (Ballantyne,	 Baldock,	 &	 Willmer,	 2015;	 Tucker	 &	













DNA	 metabarcoding,	 the	 use	 of	 next-	generation	 DNA	 se-
quencing	 to	 identify	 species	 from	 mixed	 samples	 (Creer	 et	al.,	
2016),	has	great	potential	 in	the	study	of	 insect	pollen	transport	
(Clare,	Schiestl,	Leitch,	&	Chittka,	2013).	This	approach	compares	
samples	of	mixed	DNA	 sequences	 recovered	 from	pollen	with	 a	
library	 of	 plant	 species	 sequences	 (Hawkins	 et	al.,	 2015).	 DNA	
barcodes	 have	 been	 successfully	 recovered	 from	 pollen	 carried	
by	bees	(Bell,	Loeffler,	&	Brosi,	2017;	Bell,	Fowler,	et	al.,	2017;	de	
Vere	 et	al.,	 2017;	Wilson,	 Sidhu,	 LeVan,	 &	 Holway,	 2010).	 DNA	
metabarcoding	therefore	has	the	potential	to	offer	an	insight	into	
pollen	 transport	 by	 hoverflies,	 by	 allowing	 the	 identification	 of	
mixed	 pollen	 samples	 from	 individual	 hoverflies	 without	 requir-
ing	specialist	palynological	expertise	(Bell	et	al.,	2016).	Such	pol-
len	transport	networks	can	give	an	insight	 into	hoverfly	foraging	
behaviour,	 and	 thus	which	 plants	 are	 of	 importance	 as	 food	 re-
sources,	which	is	critical	to	their	conservation	(Fowler,	Rotheray,	
&	 Goulson,	 2016;	 Milberg	 et	al.,	 2016;	 Pontin,	 Wade,	 Kehrli,	 &	
Wratten,	 2006).	 It	 can	 also	 give	 some	 indication	 of	 their	 role	 in	
pollination	 (Jauker,	 Bondarenko,	 Becker,	 &	 Steffan-	Dewenter,	
2012;	Nicolson	&	Wright,	2017).
Here,	we	investigate	the	pollen	transport	network	of	Eristalis	hov-









K E Y W O R D S
DNA	metabarcoding,	generalisation,	grassland,	hoverfly,	pollination,	pollination	networks,	
specialisation










to	 changes	 in	 flower	 resource	 availability.	We	 address	 the	 following	
specific	research	questions:
1. What	 plant	 pollens	 are	 Eristalis	 hoverflies	 transporting,	 and	
how	 do	 the	 proportions	 of	 different	 pollen	 species	 change	
during	 the	 summer	 flight	 period?	 We	 predict	 that	 hoverflies	
carry	 pollen	 reflecting	 seasonal	 variation	 in	 floral	 resource	
availability,	 and	 become	 less	 specialised	 later	 in	 the	 season	
as	 more	 pollen	 resources	 became	 available.




3. Are	 individual	 insects	 specialised?	Our	 prediction	 here	 is	 that,	
given	the	evidence	of	floral	constancy	found	by	direct	observa-
tion	 of	 hoverflies	 during	 foraging	 bouts	 (Goulson	 &	 Wright,	
1998),	some	degree	of	specialisation	will	be	reflected	in	the	pol-
len	loads	of	individual	insects.
2  | MATERIAL S AND METHODS





Molinia caerulea—Cirsium dissectum	 fen-	meadow	 (Cirsio—Molinietum 












and	 late	 time	periods	 for	a	given	site	were	separated	by	a	minimum	
of	26	days.	 Insects	were	stored	 individually	 in	sterile	1.5-	ml	tubes	at	
−20°C	prior	to	pollen	removal.
2.2 | Recording of plant species richness and herb 
flower resource
We	 used	 existing	 grassland	 survey	 information	 in	 Bevan,	Motley,	
Stevens,	 and	 Bosanquet	 (2006),	 together	 with	 records	 of	 species	
present	in	the	hedgerows,	to	create	a	list	of	plant	species	(and	there-
fore	a	measure	of	plant	species	richness)	for	each	site.
To	measure	 the	grassland	herb	 flower	 resource	 (here	 termed	
“flower	unit	score”),	we	placed	a	50	m	×	50	m	plot	approximately	
centrally	in	each	site.	This	size	was	selected	as	the	largest	plot	size	
that	 could	 be	 used	on	 the	 smallest	 site.	Within	 the	 plot,	we	 set	
up	30	randomly	located	1-	m2	quadrats,	within	which	we	recorded	
all	 the	plant	species	 in	flower,	excluding	grasses	and	sedges.	We	
also	 recorded	 the	number	of	 floral	units	within	 the	quadrat.	For	
most	 plant	 species,	 a	 floral	 unit	 corresponds	 to	 a	 single	 flower,	
but	 for	 Apiaceae	 species,	 an	 inflorescence	 was	 counted	 as	 one	
flower	unit,	and	for	Dactylorhiza	 spp.,	Narthecium ossifragum and 
Calluna vulgaris,	 a	 single	 flowering	stem	or	spike	was	counted	as	
one	flower	unit.	These	measurements	are	similar	to	the	“blossom	
units”	described	by	Dicks,	Corbet,	and	Pywell	(2002),	based	on	a	





















steps	were	 followed	according	 to	 the	manufacturer’s	 instructions,	
with	the	exception	that	QIAshredder	column	and	second	wash	stage	
were	omitted.
2.5 | Amplification and sequencing: Illumina Miseq
We	amplified	the	DNA	using	the	rbcL	DNA	barcode	marker	region	
(Bell,	Loeffler,	et	al.,	2017;	CBOL	Plant	Working	Group	et	al.	2009).	









































tabase.	 Files	 containing	 the	 sequence	 reads	 used	 in	 this	 study	 are	
available	 through	 the	 NCBI	 sequence	 read	 archive	 (SRA	 accession	
SRP076527).	The	source	code	and	tools	used	for	the	pipeline	are	avail-
able	 on	 GitHub	 at	 https://github.com/colford/nbgw-plant-illumina-
pipeline.	 Sequences	 were	 quality	 trimmed	 and	 then	 merged.	 Only	
sequences	greater	than	450	bp	were	used	in	downstream	analysis.

















Results	 for	 each	 pollen	 sample	were	manually	 filtered	 so	 that	













effects	 models	 using	 the	 lMe4	 package	 (Bates,	 Mächler,	 Bolker,	 &	
Walker,	2015)	in	R	version	3.0.1	(R	Core	Team	2014),
We	 calculated	 two	metrics	 of	 network	 specialisation	 (Baldock	
et	al.,	 2015;	 Ballantyne	 et	al.,	 2015;	 Bluthgen	 et	al.,	 2006).	 These	
were	network	specialisation	(H2′),	which	represents	the	overall	level	
of	specialisation	of	all	species	in	a	network,	and	varies	from	0	(com-





individual	 specialisation,	 we	 used	 a	 binomial-	errors	 mixed-	effects	
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3  | RESULTS
3.1 | Overview
Pollen	 sequences	 from	 Illumina	 MiSeq	 were	 recovered	 from	 180	
out	of	192	 individual	hoverfly	samples	 (55	during	 the	early	period	
and	125	in	the	late	period).	A	total	of	2,349,247	(148,216	from	early	
period,	and	2,201,031	from	 late	period)	sequences	over	450	bp	 in	




families,	 ranging	 from	31	at	 site	TRE	 to	39	at	 site	LLC.	Hoverflies	
were	 identified	 to	 six	 species:	 E. arbustorum	 (n	=	5),	 E. horticola 
(n	=	57),	E. intricaria	 (n	=	2),	E. nemorum	 (n	=	41),	E. pertinax	 (n	=	53)	
and E. tenax	(n	=	17).
3.2 | What plant pollens are Eristalis hoverflies 
transporting?




















mix	of	pollens,	with	Apiaceae,	R. fruticosus	agg.,	S. nigra and Senecio 
spp.	being	the	principal	taxa	recovered	from	hoverflies	(Figure	1–3).














d′	values	 ranged	 from	0.01	 to	0.32,	whilst	 in	 the	 late	period,	 they	
ranged	from	0.00	to	0.20.	The	mean	value	of	d′	for	a	species	across	
all	 sites	 and	 time	 periods	 varied	 from	0.07	 (E. arbustorum)	 to	 0.12	
(E. intricaria and E. nemorum),	although	the	small	sample	sizes	should	
be	noted,	particularly	 in	 the	case	of	E. arbustorum and E. intricaria. 
When	the	degree	of	specialisation	in	a	species	at	the	same	site	be-
tween	time	periods	was	considered,	almost	all	values	of	d′	fell	from	
early	 summer	 to	 late	 summer,	with	 the	exception	of	E. horticola	 at	
site	LLC	and	at	TRE.
3.4 | Are individual hoverflies specialised?





to	7.28	mm	(male	E. tenax)	 (F.	Gilbert,	personal	communication). 
Data	were	therefore	pooled	across	all	species	to	 investigate	 in-
dividual	 specialisation.	Results	 from	 the	binomial-	errors	mixed-	












the	 late	period,	30	of	125	 (24%)	had	90%	or	more	of	 their	 pollen	







Site CAD LLC RHC TRE
No.	Pollen	taxa	recorded 32 39 38 31
Site	plant	species	
richness
63 75 83 66
Flower	unit	score	Early 168 20 631 75
Flower	unit	score	Late 372 100 96 99
6  |    Journal of Animal Ecology LUCAS et AL.
F IGURE  1 Eristalis	hoverfly	pollen	transport	networks	at	four	grassland	sites	CAD	(top	left),	LLC	(top	right),	RHC	(bottom	left)	and	TRE	
(bottom	right).	Insects	collected	between	1	June	2014	and	15	July	2014	(“early”)
(a) CAD (b) LLC
(c) RHC (d) TRE
     |  7Journal of Animal EcologyLUCAS et AL.
F IGURE  2 Eristalis	hoverfly	pollen	transport	networks	at	four	grassland	sites	CAD	(top	left),	LLC	(top	right),	RHC	(bottom	left)	and	TRE	
(bottom	right).	Insects	collected	between	16	July	2014	and	31	August	2014	(“late”)
(a) CAD (b) LLC
(c) RHC (d) TRE








All	 of	 the	 networks	 were	 generalised,	 with	 H2′	 values	 below	
0.3.	These	values	are	comparable	to	those	recorded	 in	flower–vis-
itor	networks	in	bumblebees	(Bombus)	(Ballantyne	et	al.,	2015)	and	
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areas	to	the	greater	diversity	of	plants,	 including	many	non-	native	
species.	Our	results	are	consistent	with	these	and	other	studies	that	





































































































































































































































































































































































































































































































can	also	 influence	 foraging	behaviour	 in	Eristalis tenax	 (Llandres,	De	
Mas,	&	Rodriguez-	Girones,	2012).	Our	results	show	that	flower	con-
stancy,	as	inferred	by	pollen	loads,	was	a	feature	of	foraging	by	Eristalis 
species	 in	 our	 study.	However,	 further	work	 is	 required	 to	describe	
flower	constancy	in	hoverflies	and	hoverfly	foraging	behaviour.
Whilst	most	plant–pollinator	 interactions	 studied	appear	 to	be	
generalised	 (Bosch,	 Martín	 González,	 Rodrigo,	 &	 Navarro,	 2009;	
Ollerton	et	al.,	2009),	the	limited	flower	constancy	described	above	
may	 ensure	 efficient	 pollination.	 Generalisation	 and	 specialisation	
can	 occur	 simultaneously	 (Brosi,	 2016;	 Ollerton,	 1996),	 because	
whilst	 individual	behaviour	during	a	 short-	term	 foraging	bout	may	
be	 specialised,	overall	 pollination	by	 species	and	communities	 can	
be	generalised.	Our	results	support	this	view,	with	some	degree	of	
relatively	 specialised	 pollen	 transport	 at	 the	 individual	 level,	 but	
generalised	at	the	species	and	network	levels.	Generalised	hoverfly	
networks	may	therefore	be	an	emergent	property	of	a	diverse	set	
of	 individual	 short-	term	 specialisms.	 This	 result	 is	 consistent	with	
Tur,	Vigalondo,	Trøjelsgaard,	Olesen,	 and	Traveset	 (2014),	who	 in-





How	 flower	 constancy	 in	hoverflies	 arises	 in	hoverflies	 is	 unclear,	











Our	data	indicate	that	Rubus fruticosus	agg.	and	Succisa pratensis 
are	critical	plants	for	the	hoverfly	genus	in	our	study.	Rubus fruticosus 
agg.	 is	 a	 very	 rewarding	 nectar-	producing	 plant	 for	 many	 insects	
(Baude	et	al.,	2016).	Hoverflies	have	also	been	recorded	as	key	flower	










record	 of	 its	 activity.	 The	 residence	 time	 of	 a	 pollen	 grain	 on	 the	
body	of	a	hoverfly	will	determine	how	long	that	record	represents.	











carried	at	 least	 two	pollen	 taxa,	 suggesting	 that	pollen	 is	 retained	
over	 a	 long	 enough	 period	 for	 the	 insect	 to	 have	 visited	 several	
plant	 taxa	 without	 removing	 pollen	 through	 grooming	 behaviour.	
Heterospecific	pollen	deposited	on	a	plant	stigma	by	previous	insect	
visitors	may	also	be	acquired	by	hoverflies,	as	well	as	pollen	available	






Bees	 are	 recognised	 to	 be	 the	most	 effective	 insect	 pollina-
tors	 in	most	 systems,	 including	grasslands	 (Willmer	et	al.,	2017).	
Nonetheless,	 non-	bee	pollinators	 can	be	 effective	 pollinators	 of	





port	 of	 pollen	 by	 a	 flower-	visiting	 species	 does	 not	 necessarily	
imply	that	the	species	is	an	effective	pollinator	(Ballantyne	et	al.,	
2015;	 King,	 Ballantyne,	 &	Willmer,	 2013).	 Therefore,	 this	 study	
can	only	indicate	the	potential	role	that	hoverflies	may	be	playing	
in	pollination	 services	 and	provides	 some	 insight	 into	 the	 forag-
ing	behaviour	of	hoverflies	themselves.	Further	work	is	required,	
particularly	 to	 provide	more	 data	 on	 hoverfly	 pollen	 loads	 early	









lination	networks,	 and	 the	generalised	nature	of	 such	networks,	
     |  11Journal of Animal EcologyLUCAS et AL.
which	appear	contrary	 to	 the	requirement	of	plants	 for	efficient	
conspecific	transport	of	pollen.	Here,	we	show	the	value	of	DNA	
metabarcoding	 in	 the	 investigation	 of	 plant–pollinator	 interac-
tions,	 which	 can	 reveal	 relationships	more	 effectively	 than	 visit	
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